ABSTRACT Functional recovery with surgical revascularization of acutely ischemic myocardium has not been compared with its nonsurgical counterpart in experimental preparations of coronary occlusion. This study compares the functional and metabolic recovery of ischemic (1 hr coronary occlusion) segments revascularized either by restoration of coronary patency (simulating nonsurgical recanalization, e.g., angioplasty) or by surgical revascularization with multidose hypothermic potassium blood cardioplegic solution. Twenty-two anesthetized open-chest dogs were instrumented with Millar micromanometer-tip catheters to measure left ventricular and aortic pressures. Piezoelectric ultrasonic dimension gauges were implanted in the subendocardium supplied by the left anterior descending coronary artery to measure segmental contractile function. In five dogs, only biopsy samples were obtained for control measurements of ATP, creatine phosphate, and tissue water content. In the remaining 17 dogs, the left anterior descending artery and collaterals were ligated for 1 hr. The ligatures were removed in eight dogs and coronary perfusion continued for 2 hr, simulating nonsurgical reperfusion. The remaining nine dogs were placed on cardiopulmonary bypass and the hearts were arrested for 1 hr with multidose (every 20 min) blood cardioplegic solution enhanced with glutamate and aspartate, simulating surgical revascularization (coronary artery bypass grafting). The coronary ligatures were not released until the second cardioplegic infusion, simulating graft placement. One hour of coronary occlusion placed 39.4 ± 2.5% of the left ventricle at risk, and converted active systolic shortening to persistent paradoxical bulging (25.2 + 2.2% to -5.8 ± 1.2% systolic shortening). Surgical revascularization resulted in greater recovery of postischemic systolic shortening (7.95 + 1.90% vs -6.90 ± 2.01% systolic shortening; p < .05), lower subendocardial water content (79.36 + 0.50% vs 81.14 ± 0.53%; p < .05), and less gross histochemically apparent (triphenyltetrazolium chloride) tissue damage (4.2 + 4.2% vs 30.9 ± 6.8% of area at risk; p < .05) compared with hearts reperfused nonsurgically. There were no differences in regional ATP and creatine phosphate levels between surgically and nonsurgically revascularized hearts despite the marked differences in functional recovery. We conclude that (I) myocardium subjected to 1 hr of coronary occlusion is potentially recoverable depending on the modality of the early phase of reperfusion and (2) Twenty-two dogs weighing between 14 and 24 kg were anesthetized with 30 mg/kg iv sodium pentobarbital (Nembutal), supplemented as necessary to maintain deep anesthesia. After endotracheal intubation, positive-pressure ventilation was initiated (Harvard volume cycle respirator) with 100% oxygen. The dogs were then divided into two groups: those receiving unmodified reperfusion by restoring coronary patency and those revascularized by surgical procedures with blood potassium cardioplegic solution.
pharmacologic thrombolysis and percutaneous transluminal coronary angioplasty (PTCA) is a strong and popular alternative to restoring coronary patency and perfusion to the previously ischemic segment. However, equivocal success in restoring systolic function globally as well as in the involved segment" 2 has tempered enthusiasm for this approach. Experimental studies have shown that restoration of blood flow after a period of transient coronary occlusion produces myocardial hemorrhage,3' advances mitochondrial deterioration,5 8 and produces discrete areas of "no-reflow."9' 10 Several studies suggest that many of these manifestations of tissue damage may occur or be exac-erbated during the reperfusion period itself (reperfusion injury).7' - 12 Whatever the pathophysiologic mechanisms involved, restoration of blood flow after transient occlusion (15 min to 4 hr) fails to fully restore wall motion in the ischemic segment, even after prolonged periods of recovery. '3-'5 On the other hand, results of experiments with surgical revascularization of globally ischemic hearts emphasize that the consequences of ischemia and reperfusion can be reversed or avoided, resulting in recovery of aerobic metabolism, limitation of intramyocardial edema, preservation of the ultrastructural integrity, and substantial recovery of immediate postischemic function. In contrast to nonsurgical recanalization techniques, the surgical approach affords complete control of the conditions (unloaded ventricle, coronary perfusion pressure) and composition (cardioplegia) of the reperfusate during the initial phases of reperfusion. This study tests the hypothesis that appropriate modification of the reperfusion phase during surgical revascularization of short-term (1 hr) coronary occlusion reverses or avoids reperfusion damage. We will show that appropriate management of reperfusion allows less edema formation, less histochemically apparent tissue damage, and immediate functional recovery compared with nonsurgical revascularization.
Methods
Experimental procedures complied with the "Guiding Principles in the Use and Care of Animals" approved by the Council of the American Physiological Society as well as with state and federal regulations.
Twenty-two dogs weighing between 14 and 24 kg were anesthetized with 30 mg/kg iv sodium pentobarbital (Nembutal), supplemented as necessary to maintain deep anesthesia. After endotracheal intubation, positive-pressure ventilation was initiated (Harvard volume cycle respirator) with 100% oxygen. The dogs were then divided into two groups: those receiving unmodified reperfusion by restoring coronary patency and those revascularized by surgical procedures with blood potassium cardioplegic solution.
Nonsurgical reperfusion group. In eight dogs the chest was opened in the fifth left intercostal space. A No. 7.5F thermodilution catheter (Critikon, Inc.) was introduced into the right external jugular vein and manipulated into the pulmonary artery for measurement of pulmonary arterial wedge pressure and cardiac output in triplicate (3 ml iced saline), and for volume and pharmacologic management. The dogs were given 2 to 3 mg/kg sodium heparin.
Surgical revascularization group. In nine dogs the chest was opened by median sternotomy and the pericardium was tented. After systemic heparinization (2 to 3 mg/kg), cardiopulmonary bypass with right heart bypass capability (to generate Sarnoff function curves) was established by cannulating the inferior and superior venae cavae and directing the venous return to a Shiley S-IOOA bubble oxygenator through which flowed oxygen and carbon dioxide mixed appropriately for adequate blood gases. Oxygenated blood was returned by a cannula either in the left subclavian artery (total bypass) or in the main pulmonary artery (right heart bypass). Cannulas were placed in the left ventricle and the left atrium via the left atrial appendage to either vent the heart during total bypass or measure mean left atrial pressure, respectively. Total coronary effluent was drained continuously by a cannula in the right ventricle.
In all dogs, Millar MPC-500 pressure transducers were placed into the aortic arch via the right carotid artery or the left internal mammary artery (aortic pressure) and through the apical dimple to measure left ventricular intracavitary pressure. A segment of the left anterior descending coronary artery (LAD) distal to the first diagonal branch was dissected free and a ligature was placed loosely around it for subsequent occlusion. A pair of 2.5 mm diameter ultrasonic piezoelectric dimension transducers were implanted in the subendocardium of the myocardium served by the LAD to measure segmental systolic shortening with a Triton Model 120 Sonomicrometer (Triton Technology, Inc., San Diego).
All Protocol. In dogs receiving normal blood reperfusion (nonsurgical reperfusion), hemodynamic and functional data were obtained in the control state with the LAD patent. In the surgical revascularization group, Sarnoff function curves'7 were obtained in the control state by incrementally increasing cardiac output from 1.5 to 5.0 liters/min while maintaining mean arterial pressure at 80 mm Hg via the subclavian cannula. The cardiac workload was then adjusted to 100 ml/kg cardiac output and a pressure of 100 mm Hg.
In all dogs, 2 to 3 mg/kg lidocaine was administered as a bolus while 0.5 mg/kg/hr was continuously provided as an intravenous drip. The obvious collateral arteries encroaching on the LAD tertitory and finally the LAD were ligated for a total of 1 hr. Hemodynamic and segmental function data were recorded every 20 min. Blood gases were maintained at a pH between 7.38 and 7.42 and at Pco, 30 to 40 mm Hg. Arrhythmias were treated with lidocaine as necessary. Ventricular fibrillation, when encountered, was electrically converted; data were not accepted if (1) the ischemic segment was not dyskinetic for the entire hour, (2) ventricular fibrillation persisted for more than 3 min, or (3) the cardioplegic solution was not within ranges stipulated.
In nonsurgically revascularized dogs receiving normal blood reperfusion, all ligatures were removed after the 1 hr ischemic period and reperfusion continued for a total of 2 hr. In dogs in which revascularization was accomplished surgically, total cardiopulmonary bypass and ventricular decompression was established after the 1 hr occlusion period. Thermistor probes were placed in ischemic (anterior) and nonischemic (posterior) zones. The aorta was cross-clamped and blood cardioplegic solution enriched with glutamate (13 mM) and aspartate (13 mM) (table 1) was delivered with a Buckberg-Shiley Cardioplegia Delivery device (4:1 blood to cardioplegia components ratio) in the aortic root through a preplaced double-lumen catheter (inner lumen for measurement of cardioplegic infusion pressure, outer lumen for delivery of cardioplegic solution) at 50 mm Hg for a total of 10 min. The first S min of this period was normothermic (370 C) and the final 5 min hypothermic (4°C). 18 Simultaneous with the delivery of hypothermic cardioplegic solution, systemic temperature was decreased to 280 C. Intermittent infusions of 40 C blood cardioplegic solution were given at 20 and 40 min for a total arrest time of 60 min. The coronary ligatures were removed just before the 20 min infusion, simulating delivery of cardioplegic solution down a graft with distal anastomosis complete or infusion into the aortic root of cardioplegic solution after completion of both proximal and distal anastomoses in a single graft.'9 After 1 hr of cardioplegia, systemic temperature was raised to 370 C and reperfusion cardioplegia was administered for 3 min at 50 mm Hg and 90 C above septal temperature.20 Systemic pressure was lowered to 50 mm Hg and the cross-clamp was removed. When electromechanical activity was visible, systemic pressure was gradually raised to 100 mm Hg over 3 min. The heart was maintained in the beating empty state for 30 min and was subsequently placed in the working (right heart bypass) state at 100 ml/kg cardiac output and 100 mm Hg systemic pressure for an additional 30 min. Postischemic hemodynamics and regional and global function were then determined.
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After each experiment, transmural biopsy specimens were taken by high-speed drill from the nonischemic and ischemic zones, divided into subepicardial (EPI) 
Results
Ligation of the LAD and encroaching collateral vessels placed 39.9 ± 4.3% of the left ventricular mass at risk in the nonsurgical group and a similar value of 39.0 ± 2.6% of the left ventricle in the surgically revascularized group.
Hemodynamic data for both groups during control, 1 hr of coronary occlusion (ischemia), and reperfusion are summarized in table 2. Ischemia was accompanied by modest decreases in heart rate and systolic pressure whereas left ventricular end-diastolic pressure increased significantly. In the nonsurgical reperfusion group, cardiac output decreased by 20% during ischemia and by 33% during reperfusion from control levels (p < .05). At the end of 2 hr of reperfusion, cardiac output in the nonsurgical reperfusion group was 16% (p < .05) below that in the surgical revascularization group, in which cardiac output was held constant by the extracorporeal bypass circuit.
End-diastolic length and systolic shortening were similar in both groups during the control period (table  3) . Ligation of the LAD immediately replaced active contractile shortening with paradoxical systolic bulging, which persisted for the entire ischemic period. The degree of paradoxical segmental wall motion was equivalent in both groups and averaged -25.3% of control systolic shortening for all hearts.
Hearts revascularized surgically arrested within 1.5 min of initiation of cardioplegia. As expected, the anterior ischemic border zones showed fine fibrillation up to 1.5 
Discussion
We examined the benefits of surgical revascularization using modification of conditions and composition of the initial reperfusate in restoring metabolism, morphologic integrity, and function in the involved segment. The results emphasize that the eventual fate of myocardium exposed to ischemia is not only related to the duration and severity of the occlusion but is also dependent on the initial reperfusion phase. The severity and duration of ischemia was identical in both groups before reperfusion. This "reperfusion injury" is O _ coronary artery bypass grafting, leads to immediate recovery in tissue that was previously thought to be metabolically and functionally "stunned." Although we could not identify the factor or factors responsible for myocardial stunning in this study, our findings emphasize that this delay or failure in recovery may be overcome by modification of the reperfusate.
We chose the model of 1 hr of ischemia on the basis of the total lack of recovery obtained when unmodified blood was the reperfusate and the subtotal recovery shown with surgical revascularization when blood cardioplegic solution was the initial reperfusate. The clinical correlate of an occlusion of such a short duration is a short-term occlusion occurring either spontaneously in the hospital or during attempted angioplasty. Studies currently in progress in this laboratory have extended the duration of this ischemic period to 3 hr.
Ischemia caused by total coronary occlusion initiates a cascade of biochemical and morphologic changes, the severity of which has been related to the duration and degree of flow inadequacy. Contractile function and high-energy phosphate pools are rapidly lost,2 24 and with more prolonged periods of occlusion glycogen stores are depleted.> ionic and cell volume homeostasis are lost,'6'7 and sarcolemmal integrity and subcellular architecture deteriorate.25 Cell damage and eventual death begin first in the more vulnerable subendocardium and progress with time to the outer, subepicardial tissue in a "wavefront"' pattern.`These alterations in cellular integrity and metabolism predispose the involved myocardium to further deleterious changes that occur with the resumption of coronary blood flow, specifically (1) the influx and accumulation of calcium in the contractile apparatus and mitochondria7 25 resulting in further deterioration of contractile and metabolic capacity, (2) peroxidation of membrane structures by oxygen radicals,>9 -" (3) washout of metabolic precursors and metabolites of highenergy phosphates, and (4) intramyocardial hemorrhage3 4and edema. Therefore, myocardium that is potentially reversibly damaged and salvageable before reperfusion may become irreversibly damaged by the deleterious sequelae just outlined. Although the pathophysiologic factors involved in determining the transition from reversibly injured to irreversibly inj'ured myocardium are not yet clear and the limits of cell viability not defined, myocardium made transiently ischemic for relatively short durations (15 min to 4 hr) remain metabolically`and functionally" "stunned" for up to 4 weeks of reperfusion. The major thrust of research effort has been directed toward the reduction of infarct size and severity by altering the oxygen supply-demand balance pharmacologically. Relatively few studies have addressed the issue of reperfusion injury and how this specific injury after a given duration of ischemia can be minimized. Our results from this study confirm the concept of reperfusion injury as a separate entity and show that this injury can be avoided or reversed, resulting in immediate restoration of contractile function by specifically modifying the reperfusion phase appropriately.
The 37 We suspect that glutamate and aspartate provided a better metabolic environment during cardioplegia, which allowed better cellular repair and functional recovery. Others have also found amino acid supplementation to improve postischemic myocardial function.42 However, the salutary effects of amino acid supplementation could not be assessed independent of the other modifications in this study.
The normothermic induction of cardioplegia was designed to maximize the rate of cellular repair by maintaining the basal metaboic rate (cell maintenance and repair) while avoiding the additional energy requirements of mechanical work. Normothermic induction of cardioplegia in globally ischemic hearts was associated with a greater oxygen uptake during the induction period and improved postischemic oxygen utilization and function.'8 However, the efficacy of this phase depends on the distribution of cardioplegic solution to the involved myocardium. Coronary occlusion offers a significant impediment to the adequate delivery of cardioplegic solution to the myocardium distal to the occlusion.'9 This maldistribution is inferred from figure 1 by the significant temperature gradient demonstrated between the ischemic and normally perfused segment. Therefore the ischemic segment did not receive the benefit of the initial warm phase of cardioplegia and in reality did not receive adequate cardioplegia until the ligation was relieved before the second (hypothermic) infusion. The importance of this initial normothermic phase on postischemic recovery is emphasized by the results of a previous experiment in which an ischemic segment demonstrated greater (55%) recovery of segmental function when given the benefit of the normothermic infusion despite an additional hour (2 hr total) of coronary occlusion. 43 We suspect that greater postischemic recovery could have been gained in the present study if the segment was initially normothermically perfused. Perhaps a clinical strategy could be developed to ensure the distribution of a normothermic infusion of cardioplegic solution subsequent to completion of distal anastomosis to optimize postischemic recovery.
Tissue levels of high-energy phosphates have in the past been considered an index of the adequacy of myocardial protection.23 Therefore, cardioplegic techniques and formulations that result in higher ATP levels are considered to be superior in myocardial protection than techniques and formulations resulting in lower ATP levels. Several studies have shown a critical level of ATP below which cell survival is doubtful,28 44 '6 and failure of ATP levels to be restored has been speculated in the etiology of myocardial stunning. 15 24 However, our results contradict this correlation of tissue ATP levels with cell viability and adequacy of myocardial protection. We found no differences in ATP and CP levels between myocardial segments showing functional recovery, less marked edema, and little or no morphologically apparent damage than those exhibiting no functional restoration and gross edema. A similar lack of correlation has been reported by others. 17 47' 48 Static levels of ATP and CP are only a measure of the size of the pool and do not reflect the turnover rate, which may be independent of the ATP pool size. Oxygen consumption may be a more sensitive index of metabolic rate than static ATP levels. Previous studies have shown a good correlation between oxygen consumption and the functional recovery of myocardium after global ischemia of various durations. 17. 18 Surgical revascularization of acutely ischemic myocardium has been shown to be feasible.49 52 However, quantitative substantiation of the functional and metabolic restoration of ischemic myocardium as well as the mechanisms involved with surgical revascularization are lacking. This study represents our initial efforts to understand the potential mechanisms underlying salvage of myocardium with surgical techniques so that methods may be designed to optimize recovery from more prolonged durations of ischemia.
